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Abstract

The model of water vapor condensation on a composite V-shaped surface with multi wettability gradients was built and the
condensation process with different gravity was studied by molecular dynamics to find out whether this model could control the
condensation mode and accelerate the condensate drainage from the micro-perspective. With the absence of gravity, the simu-
lation results indicated that the condensation mode could be controlled as a dropwise condensation. What’s more, the movement
of condensate nano-droplet also could be controlled, which was helpful for increasing the efficiency of condensate drainage. The
temperature of hot wall was largest while it was smallest for cold wall. The temperature of water was in the middle. The result was
in accordance with the law of energy conservation. However, the condensation process was different with the effect of gravity. It
can be concluded that the condensation process was much quicker with greater gravity, leading to the larger condensation rate.
The temperature of cold wall and water were larger than that of hot wall, especially for greater gravity. It was because the part of
energy generated by gravity transferred to the thermal energy of water and cold wall, and the other part transferred to the kinetic
energy of water. The gravitational potential energy and kinetic energy increased with greater gravity, while the thermal energy
increased first and then decreased, corresponding well with the final temperature of condensation process with different gravity.
The results will provide a microcosmic mechanism for space experiment and guidance for space system drainage.
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Introduction addition, as a main representative of phase change process,

condensation was quite important and widely applied in space

Recent decades, many scholars’ attention was attracted by
phase change process with altered gravity to improve the heat
transfer in space applications (Legros et al. 2018a; Legros
et al. 2018b; Glushkov et al. 2016; Lei et al. 2017). In
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system. Lin (Lin and Hudman 1995) theoretically studied an
exact solution of a differential system for non-equilibrium
evaporation or condensation under weightless conditions
across an interface and obtained the functional relations be-
tween relevant parameters and the evaporation coefficient
which appeared in the theory of non-equilibrium evaporation
or condensation. Zhang (Zhang et al. 2018) experimentally
proposed a new type of three-dimensional pin-fin plate with
elliptical cross-section. With the increase of inclination angle,
the gravity effect in the direction of condensate flow de-
creased, resulting in the deterioration of heat transfer. Pu (Pu
et al. 2009) adopted a level set method being coupled with
the moving mesh method in the double-staggered grid
systems to study the two-phase flows including phase
change under microgravity conditions. The results indicat-
ed that condensation process under the normal gravity
condition was different from it under microgravity condi-
tions. Finally, when condensation kept going, the con-
densed liquid was needed to drain away quickly.
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Many organisms possess special surface structures with
unique wettability and shapes for water collection auto-
matically. For example, cactus spines are found to have
high efficiency of fog collection and self-driven process
of droplet on cactus spines is investigated (Parker and
Lawrence 2001). A wettability gradient of micro- and
nanostructure is formed along the exterior surface of pa-
pilla of lotus leaf including nanohairs during water con-
densation, leading to a tendency of directional movement
and enabling the micro droplet moving out of the valley
of papillae (Zheng et al. 2008; Cheng et al. 2005). Desert
beetles used micrometer-sized patterns of hydrophobic
and hydrophilic regions on their backs to capture water
from humid air (Zheng et al. 2010; Chen and Zheng
2014). Controlled self-propelling of droplet has an exten-
sive application prospect in many fields (Gau et al. 1999;
ElSherbini and Jacobi 2005; Idem et al. 2000), such as
fog-harvesting, microfluidic device, condensing apparatus
and industrial filtration equipment. What’s more, it could
be widely used for electron component and cooling sys-
tem of spacecraft.

Molecular dynamics (MD) simulation is widely used to
study the interactions including vapor condensation in micro-
scale with the rapid development of computational capabili-
ties. The concept of molecular clustering has been intro-
duced to explain the formation mechanism of initial
droplets (Song et al. 2009) and the nucleation process
has been investigated using MD simulation (Yasuoka
and Matsumoto 1998a; Yasuoka and Matsumoto 1998b;
Jung et al. 2016; Wolde and Frenkel 1998; Diemand
et al. 2013; Yasuoka et al. 2000; Toxverd 2002). For
example, Wolde (Wolde and Frenkel 1998) reported a
computer-simulation study of homogeneous gas-liquid
nucleation in a Lennard-Jones system and illustrated that
mechanical surface tension and thermodynamical surface
tension were significantly different. Zheng (Li et al.
2009) observed a condensation phenomenon in free ex-
pansion plumes and developed a model of water cluster
sizes, cluster-monomer collisions, and sticking probabili-
ties necessary for studying water homogeneous conden-
sation in a plume expanding to low pressure, space con-
ditions. Gao (Gao et al. 2017) performed the dynamic
wetting behavior of water droplets and condensation pro-
cess of water molecules on substrates with different pillar
structure parameters by molecular dynamic simulation.
Therefore, MD was quite suitable to study the mecha-
nism and behavior of condensation on a controlled sur-
face with different gravity in microscale.

In this work, MD simulation was used to study the conden-
sation of droplet on V-shaped surface with different gravity.
Different gravity was investigated to fulfill the condensation
on horizontal surface to extend our understandings about the
mechanism of space condensation.
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Models and Methods

All of molecular dynamics simulations were carried out by
LAMMPS package (Plimpton 1995). The relationship be-
tween wettability of solid surface with ¢, , (The potential
between copper atom and oxygen atom of water droplet) was
described in detail in our previous work (Xu and Chen 2018;
Xu and Chen 2019) and the correlations were shown in Fig. 1.
The TIP3P water model (Price et al. 1984) was employed
containing a single Lennard-Jones center. Water molecule
had three charges, including —0.834e for oxygen atom and +

0.417¢ for hydrogen atoms with an angle of 104.52°between
oxygen and hydrogen atoms. The bond distance and angle of
the water molecules are fixed using the Shake algorithm as a
rigid-body water model. The ¢,_, and o, _,, in water mole-
cules are 0.1521 kcal/mol and 3.1507 A respectively. The
atoms of copper-type surface are fixed to their lattice sites,
which can provide a realistic model of a solid surface (De
Coninck and Blake 2008).

The model of water condensation containing 8340 water
molecules and 85440 copper-type atoms was built in Fig. 2 to
investigate the effect of different gravity. The cold wall was in
the size 0f 252.7 A x 151.62 A x 10.83 A for direction of x x
y x z. The length and bottom of V-shaped surface was
162.45 A and 14.44 A. The distance between cold wall and
hot wall was 101.08 A. The width and thickness of hot wall
were the same to cold wall, while the length of hot wall was
198.55 A. In addition, the brown atoms were set as a wall to
prevent water vapor molecules from crossing borders and the
thickness of all brown walls were 1.805 A. The interaction
between water molecules and brown copper-types atoms were
0, thus the water molecule rebounding from brown walls. For
the hot walls, the outside two layers of copper-type atoms
were kept fixed to avoid the deformation of the solid wall
and the next two layers were treated as heating source. The
inside two layers of copper-type atoms were built to exchange
energy between the water molecules and heating source. Such
a setting was adopted to build the heating surface in previous
studies (Hens et al. 2014; Fu et al. 2015; Seyf and Zhang
2013) and has been proved to effectively avoid artificial ther-
mal resistance caused by the applied thermostat (Barisik and
Beskok 2012). However, for the cold walls, the outside two
layers of copper-type atoms were kept fixed to avoid the de-
formation of the solid wall and the inside four layers were built
to exchange energy between the water molecules and cold
wall. With these settings, the condensation process and tem-
perature change of cold surface without a fixed cold source
were simulated and studied. The whole simulation time is
1600 ps with a time step of 2 fs. The first 100 ps was to obtain
the two phase equilibrium of water vapor with NVT (Number
of atoms, Volume and Temperature are constant) ensemble
using Nose-Hoover thermostat (Hoover 1985) at 298 K for
all atoms. Then during the next 1500 ps period for
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Fig. 1 Correlations of contact angle (¢) with ec,,— o

condensation, NVE (Number of atoms, Volume and Energy
are constant) ensemble was applied on water molecules and
copper atoms of cold wall, while the NVT ensemble was still
applied for hot wall and the temperature of hot wall increased
to 498 K. The water vapor of hot wall with high temperature
began to evaporate and then condensed on the cold surface.
The long-range electrostatic interactions are calculated using
the PPPM (particle-particle particle-mesh) method. The peri-
odic boundary condition is applied in all three spatial

Fig. 2 Model of water vapor
condensation in different gravity

Gravity

dimensions of the simulation box. Newton’s equation of mo-
tion is integrated numerically using the velocity
Verlet algorithm.

The interaction between the water and copper-type surface
is also assumed to be 12—-6 Lennard-Jones (LJ) particles
(Alexiadis and Kassinos 2008) as follow:

()2
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E[j = 8,‘81' (2)
o +0;

0 = % (3)

where 7, €;; and o;; are the distance, well depth and equilibri-
um distance between a pair of atoms or charges. €., —,, can be
used to tune the wettability of the copper-type surface. ;; and
o;; between different species 7 and j are calculated by using
Lorentz-Bertholet mixing rule. The cutoff distances for LJ and
Coulomb interactions are 10 A and 12 A.

Contact angle was used to represent the wettability of
copper-type surface. The purple copper-type atoms and green
copper-type atoms represent = 120° and 6 = 70° respective-
ly. When applied microscale gravity (G) was smaller than
0.001 kcal/(mol-A) (1 kcal/(mol-A)=2.33 x 10'° m/s?), the
condensation process and phenomena was similar to it without
gravity. Therefore, The gravity changed from 0.001 kcal/(mol-
A) 0 0.01 kcal/(mol-A). The ratio () of microscale gravity to
normal macroscale gravity (g) was showed as followed:

¥ 252%22.38 x 10''. The simulation

model of Fig. 2 was similar to the case of water vapor con-
densation on horizontal plate in reality.

Results and Discussions
Condensation Process without Gravity
Phenomena of Condensation Process

The composite V-shaped surface with different wettability
gradient without gravity was studied to discover whether such
a surface could control the condensation mode and movement
of condensate droplet. In order to investigate the phenomena
more clearly, the condensation process was observed only less
than 40 A of z-axis, shown in Fig. 3.

The hydrophilic surface will attract more water vapor
molecules due to the larger interaction between hydrophil-
ic surface and water molecules than hydrophobic surface.
Hence, the water vapor molecules rarely condensed on
hydrophobic surface. The water vapor-liquid equilibrium
obtained during the first 100 ps period. At 200 ps, there
were no clusters or nuclei formed on copper-type surface
because the condensation just began for 100 ps and the
water molecules moved from the hot wall to nearby of
cold wall. When it came to 400 ps, some clusters and
nuclei appeared on hydrophilic surface (“| |” at
400 ps). Since the vertex of V-shaped surface was the
junction of two different wettability surfaces, the cluster
first formed on the vertex of V-shaped surface. It was
worth noting that the vertex of V-shaped surface is the
activation center due to the interaction between two
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different wettability surfaces. Water molecules will pref-
erentially condense in the activation center to form clus-
ters (Shi et al. 1995). Then the clusters will move to the
bottom. During the movement, some molecules con-
densed to the cluster directly and some clusters coalesced
into each other to enlarge the cluster. At 500 ps, several
nuclei formed on the each V-shaped surface and continued
to move towards the bottom (“Q” at 500 ps). With tine
went on, the water nuclei attracted other clusters and mol-
ecules to enlarge themselves. At 800 ps, two main_nano-
droplets formed on the hydrophilic surface (“ ” at
800 ps) and new cluster formed on the vertex of V-
shaped surface (“| |” at 800 ps). Then the new cluster
enlarged to a nucleus and it kept moving to the bottom
with the increase in volume (“é” at 1000 ps). Finally,
it reached to the bottom and integrated into the nano-
droplet. As the boundary condition of simulation box
was periodic, actually at 1200 ps, only one nano-droplet
survived because two nano-droplets coalesced with each
other (“ ” at 1200 ps). The clusters or nuclei formed
by condensed water molecules continued moving to the
bottom and merged into the nano-droplet, and the conden-
sation process repeated over time. At last, all water vapor
molecules will condense to form a nano-droplet at the
bottom of V-shaped surface. It can be concluded that the
condensation mode could be controlled as a dropwise
condensation in this specific condition. Moreover, the
movement of condensate nano-droplet also could be con-
trolled, which was helpful for condensate drainage to in-
crease the efficiency of condensate drainage.

Temperature of Condensation Process

It will take more time to obtain the stable state of conden-
sation process without gravity, which can be seen clearly
in Fig. 4. However, condensation phenomena was inves-
tigated and analyzed before 1600 ps because it was nearly
the same after 1600 ps, greatly similar to condensation
process with different gravity.

There were four key state points during the condensation
process: (DTemperature change suddenly. At this moment, the
temperature of hot wall increased to 498 K suddenly and two
phase equilibrium will be broken. No water vapor molecule
contacted cold wall. (2) Water vapor molecules contacted cold
wall. From this moment, the water vapor molecules began to
contact the cold wall and transfer heat to cold wall, leading to
the increase of cold wall temperature. However, since the con-
tact time was too short for water molecules to grow up or
coalesce with other molecules to form a cluster, no cluster
formation was found, indicating that condensation has not
occurred. (3) Condensation happened. From this moment, wa-
ter clusters appeared on cold wall and water temperature be-
came to equilibrium. With time went on, water molecules and
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Fig. 3 Phenomena of water vapor
condensation process without

gravity (“D” represents cluster;

“O” represents nuclei;
“O” represents nano-droplet)

clusters continued to form and coalesce with each other on
cold surfaces. @ Condensation phenomena unchanged.
From this moment, condensation process was nearly the same
and the temperature of cold wall reached to the equilibrium.
Finally, the temperature of hot wall was largest while it was
smallest for cold wall. The temperature of water was in the
middle. The result was in accordance with the law of energy
conservation.

Effect of Different Gravity

Phenomena of Condensation Process

Gravity was a significant factor to affect the condensation rate.
The condensation process with different gravity was depicted
in Fig. 5. As described above on gravity of 0, the condensation
first happened on vertex of V-shaped surface and the water
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Fig. 5 Phenomena of
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cluster or nuclei moved to the bottom with the increase of its
volume. Finally, the nano-droplet formed on the bottom.
When gravity was less than 0.003 kcal/(mol-A), the phenom-
ena was similar to the condition without gravity in spite of the
increasing gravity. Since the gravity was not large enough, the

@ Springer

water vapor molecules were still gradually condensed: Cluster
or nuclei formed on vertex of V-shaped surface, then enlarged
the volume and finally moved to the bottom. As the bottom of
V-shaped surface was limited, the condensed water molecules
coalesced to form a film. The final condensed water molecules
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numbers and condensation rate increased with larger gravity,
shown clearly in the figure. When gravity increased to
0.005 kcal/(mol-A) or larger, the phenomena was quite differ-
ent from the description before. As the gravity was large
enough, the water liquid on hot wall dropped down massively
and quickly condensed on cold wall. Especially in gravity of
0.01 kecal/(mol-A), the whole cold wall was covered with wa-
ter molecules. The condensation process was much quicker
with greater gravity, leading to the larger condensation rate.

Numbers of Condensation Water Molecules

In order to describe the condensation rate more clearly, the
numbers of condensation water molecules was calculated
and depicted in Fig. 6. The numbers of condensation water
molecules increased gradually over time, indicating the con-
densation process kept going. The condensation usually hap-
pened after 200 ps, except in G=0.01 kcal/(mol-A). In this
case, the condensation happened quickly after 100 ps and
nearly finished at 500 ps. In addition, the condensation fin-
ished at 1000 ps in G = 0.005 kcal/(mol-A) and it was 1400 ps
for other conditions. What’s more, the slope of curve indicated
the condensation rate directly. Therefore, it can be concluded
that the condensation process was quicker with greater gravity.
The final numbers of condensation water molecules was al-
most 3000 without gravity. It increased by 800 with gravity
increased by 0.001 kcal/(mol-A) when gravity was less than
0.002 kcal/(mol-A). However, when gravity became to
0.003 kcal/(mol-A), it increased by 3500, double of that with-
out gravity. The final numbers of condensation water mole-
cules couldn’t increase indefinitely and it could only get close
to 8340 with the larger gravity, limited by the total water

molecules. Therefore, when gravity increased to 0.01 kcal/
(mol-A), an increasing gravity had little effect on the conden-
sation process and condensation rate.

Temperature of Condensation Process

Variation of temperature and the condensation process was
similar to each other when gravity was less than 0.003 kcal/
(mol-A). However, the condensation process was different
when gravity was larger, shown in Fig. 7. @ The first key
state point of temperature change during the condensation
process was same to it without gravity, while the other three
state points were different. At this moment, the temperature of
hot wall was forced to increase to 498 K artificially to fulfill
temperature difference between hot wall and cold wall for
condensation. (2) Partial water molecules separated from hot
wall, but didn’t contact cold wall. The condensation process
and phenomena was quite different from it without gravity at
this moment. The water molecules had already separated from
hot wall like a “water column”. It took time for “water col-
umn’ to drop down and “water column” still stayed in the air
during this period. Therefore, the temperature of cold wall at
this state point was constant as well. While for condensation
process without gravity, there was no “water column” formed
and no clusters formed even if water vapor molecules began to
contact cold wall. (3) Water molecules contacted cold wall.
From this moment, the “water column” contacted the cold
wall and transfer heat to cold wall quickly, leading to the
increase of cold wall temperature. It only took 1000 ps for
cold wall to reach equilibrium to finish the condensation,
which was much shorter than 2000 ps without gravity. The
results corresponded well with the discussion of condensation
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Fig. 7 Temperature of 700
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water molecule numbers. The water temperature continued to
increase at this stage while it became to equilibrium without
gravity. It was because the gravity potential will be transferred
to thermal energy of water molecules and cold wall, which can
be seen clearly in Fig. 9. @ The final key state point was
constant condensation phenomena. However, the temperature
of hot wall was smallest, different from it without gravity. The
temperature of water and cold wall were nearly the same. The
reason was explained clearly in the next paragraph.

The average final temperature of cold wall, hot wall and
water were obtained when condensation process stabilized,
described in Fig. 8. The final temperature of cold wall and

Temperature Change Hot wall
—— water
1 L 1 L 1 L 1 L 1 L 1 L 1 L 1
200 400 600 800 1000 1200 1400 1600
Time / ps

water was less than that of hot wall without gravity because
there was no additional energy to increase thermal energy of
water and cold wall. However, with the effect of gravity, the
temperature of cold wall and water were larger than that of hot
wall, especially for greater gravity. It was because the part of
energy generated by gravity transferred to the thermal energy
of water and cold wall, and the other part transferred to the
kinetic energy of water. When gravity was less than
0.003 kcal/(mol-A), the water vapor molecules continued to
condense on cold wall and gravitational potential energy con-
tinued to transfer to thermal energy of water, leading to the
temperature of water higher than that of cold wall.

Fig. 8 The final temperature of 530
condensation process with
different gravity
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Fig. 9 The each term of energy 60
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Nevertheless, when gravity was larger than 0.005 kcal/
(mol-A), nearly all water vapor molecules condensed on
cold wall finally and there was no more effect on water
by gravity, resulting in the similar temperature between
water and cold wall.

Energy of Condensation Process

When water molecules moved from hot wall to cold wall with
the effect of gravity, the gravitational potential energy will
transfer to thermal energy and kinetic energy of water mole-
cules as followed:

E,=E +E; 4)

Where E, was gravitational potential energy, £, was ther-
mal energy and E), was kinetic energy.

E,=mxGxd (5)

Where m was the mass of water molecules and d was the
distance between hot wall and cold wall. The value of d was
101.08 A.

E,=cxmxAt (6)

Where ¢ was specific heat capacity of water and its value
was 1 kcal/(kg-°C). At was temperature difference.

In order to describe the change of £; more clearly with the
effect of gravity, the % was obtained as followed:

E
ZE =~ Gxdcx At (7)
m

WG xd
mc/m

Ccx At

I I I
0.004 0.006 0.008

G / kcal-mol™-A™

0.002 0.010

The each term of eq. (7) was shown in Fig. 9. As can be
seen, the gravitational potential energy and kinetic energy in-
creased with greater gravity, while the thermal energy in-
creased first and then decreased, corresponding well with the
final temperature of condensation process with different grav-
ity. It was because the water vapor molecules condensed on
cold wall gradually when gravity was less than 0.005 kcal/
(mol-A) and gravitational potential energy could transferred
more energy to thermal energy of water and cold wall.
However, when gravity was 0.01 kcal/(mol-A), the water mol-
ecules dropped down massively like a “water column” and
impacted on cold wall. After then, the water molecules blasted
around and most of gravitational potential energy transferred
to kinetic energy of water. Therefore, the thermal energy of
water and cold wall in this condition was less than it of
0.005 kcal/(mol-A).

Conclusions

The model of water vapor condensation on a composite
V-shaped surface with different gravity was built and the
condensation process was studied by molecular dynamics.
The numerical results indicated that the condensation
mode could be controlled as a dropwise condensation
with this model without gravity. What’s more, the move-
ment of condensate nano-droplet also could be controlled,
which was helpful for increasing the efficiency of conden-
sate drainage. The temperature of hot wall was largest
while it was smallest for cold wall. The temperature of
water was in the middle. The result was in accordance
with the law of energy conservation. However, the
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condensation process was different by the effect of grav-
ity. It can be concluded that the condensation process was
much quicker with greater gravity, leading to the larger
condensation rate. The temperature of cold wall and water
were larger than that of hot wall, especially for greater
gravity. It was because the part of energy generated by
gravity transferred to the thermal energy of water and cold
wall, and the other part transferred to the kinetic energy of
water. The gravitational potential energy and kinetic ener-
gy increased with greater gravity, while the thermal ener-
gy increased first and then decreased, corresponding well
with the final temperature of condensation process with
different gravity. Finally, the condensation mode could be
controlled by the composite V-shaped surface with multi
wettability gradients, accelerating the condensate drainage
both with and without gravity, and providing a microcos-
mic mechanism and support for space experiment and
provide guidance for component surface drainage of space
system.
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